CONVERSION FACTORS
For readers who prefer to use inch-pound units, conversion factors for the terms in this report are listed below:__________ Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)~a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called "Sea Level Datum of 1929." o in diameter, although discharges greatly exceeding the maximum powerplant release (946 m /s) would be required to completely remove most aggraded fans.
From 1987 through 1995, debris flows constricted the Colorado River at the mouths of at least 25 tributary canyons in Grand Canyon National Park, Arizona, creating 2 new rapids and narrowing at least 9 existing riffles or rapids. The highest peak discharge on the Colorado River in Grand Canyon between 1986 and 1996 was 960 m3/s in January 1993. In March-April 1996, we o studied the effects of a 7-day flood release that peaked at 1,370 m /s on 18 recently aggraded debris fans downstream from Glen Canyon Dam.
The largest changes occurred at Badger and Lava Falls rapids, 38 and 312 km downstream from the dam, respectively; several other aggraded debris fans were only slightly changed. Areas of aggraded debris fans decreased by 2 to 42 percent; only the debris fan at Bedrock Rapid, which is controlled by a large bedrock outcrop, increased in area owing to deposition of reworked sediment on the downstream margin. Volumes decreased on 7 of 9 debris fans by 3 to 34 percent. The distal margins of most recently aggraded debris fans became armored with a lag of cobbles and boulders, and the width of the reworked zone on most debris fans increased by 4 to 30 m. Constriction of the river decreased at 11 of 18 debris fans, although some rapids, such as Tanner Rapid, became slightly more constricted at low discharges owing to changes in stage-discharge relations. Velocities on the left and right sides of Lava Falls Rapid decreased by about half, but velocities increased in three other rapids (e.g., Badger Creek Rapid). Stream power per unit width decreased in 9 of 10 rapids because of decreases in water-surface fall and widening of the rapids. Changes in the sizes of upper pool sand bars were inconsistent, although separation bars downstream from the reworked debris fan generally increased in size.
The amount of stream power generated by the controlled flood greatly affected the variability of reworking among the 18 debris fans. For a given discharge, mainstem reworking is expected to
INTRODUCTION
Debris flows from 600 tributary canyons create and maintain the rapids of the Colorado River in Grand Canyon National Park, Arizona (Graf, 1980; Kieffer, 1985; Webb and others, 1988; Melis and others, 1994; Griffiths and others, 1996; Webb and others, 1996) . Since 1986, the last year in which Glen Canyon Dam released at least 1,270 m3/s, at least 25 debris flows have constricted the Colorado River in Grand Canyon (Melis and others, 1994) , creating 2 new rapids and enlarging at least 9 existing riffles and rapids. The hydraulic settings range from small riffles to Lava Falls, the largest rapid in Grand Canyon ( fig. 1 ; Webb and Melis, 1995; Webb and others, 1996) . In general, deposition on debris fans increases flow velocities and water-surface fall through rapids (Melis and others, 1994; Webb, 1996) , which changes the navigational severity of rapids and affects sand storage in eddies and upstream pools.
Before closure of Glen Canyon Dam in 1963, the Colorado River removed most of the deposits on aggraded debris fans during early summer floods that averaged 2,330 m3/s and were as large as 6,230 m3/s ( fig. 2 ). All but the largest particles were swept downstream, and cobbles and small boulders were redeposited on debris bars that constrain the downstream extent of eddies (Howard and Dolan, 1981; Schmidt, 1990; Schmidt and Graf, 1990; Schmidt and Rubin, 1995) and control secondary rapids and riffles (Webb and others, 1989) . The residual deposits formed boulder-laden debris fans that created rapids ( fig. 3) . The interaction between the frequency and magnitude of tributary debris flows and mainstem floods resulted in debris fans and rapids that were relatively stable. From 1963 through 1982, operations of Glen Canyon Dam constrained discharges to an average annual peak of 870 m3/s, which allowed many debris fans to aggrade Dolan, 1979, 1981) . The large dam release of 1983, which was of a magnitude similar to pre-dam floods ( fig. 2 ), reworked at least one aggraded debris fan (Kieffer, 1985) .
In 1987, we began monitoring the reworking of aggraded debris fans (table 1; fig. 1 ; Melis and others, 1994; Webb and others, 1996) , which numbered 16 by 1996. Powerplant releases of up to 870 m3/s significantly reworked the distal margins of newly aggraded debris fans and armored older, previously reworked fans ( fig. 4) . Powerplant releases combined with a flood in the Little Colorado River in January 1993 resulted in boulders as large as 1 m in diameter being entrained (Melis and others, 1994) and increased the armoring of the distal margins of debris fans ( fig.  4 ). Webb and others (1996) documented the complete removal of two historic debris fans at Lava Falls Rapid by dam releases; the first in 1965 by a dam release of 1,640 m3/s and the second in 1973 by a flow of 1,080 m3/s. Cobbles and boulders entrained from the eroded debris fans appeared to be redeposited in the pool immediately downstream from Lava Falls rapid instead of on alternating bars farther downstream ( fig. 3 ). This altered pattern of redeposition reflects a change in the geomorphic framework of the Colorado River (Webb, 1996) .
Our objective is to quantify and record the effects of the 1996 controlled flood (Collier and others, 1997) on 18 debris fans and associated rapids in Grand Canyon National Park. We hypothesize that two types of reworking occur on aggraded debris fans: lateral bank collapse is most important on recently aggraded debris fans, whereas entrainment of individual particles is most 
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Primary rapid Cobbles/boulders added to Debris bar debris bar Figure 3 . Schematic diagram showing a conceptual model of aggradation and reworking of a typical debris fan by the Colorado River in Grand Canyon. A typical fan-rapid system consists of a debris fan, a reach of whitewater, a downstream pool, and alternating bars farther downstream. This model is modified from Kieffer (1990) and Webb and others (1996) . A, At stable rapids, the channel usually is constricted by 50 percent (Kieffer, 1985) . B, Debris flows seldom dam the Colorado River. Instead, deposition generally constricts the river by 60-80 percent. The elevation of the bed rises, partly because boulders reworked from the debris fan are deposited in the main channel or near the opposite bank. C, Low discharges (<1,000 m3/s) whether small pre-dam floods or typical dam releases may erode the distal margins of newly aggraded debris fans and widen the constriction. The degree of widening is dependent on local topographic conditions of the fan and mainstem channel, particularly the stage-discharge relation and water-surface fall, as well as the particle-size distribution of the debris-flow deposit. Debris eroded from the debris fan is deposited in the downstream pool. D, High discharges (>2,000 m3/s) large pre-dam floods or unusual dam releases such as in June 1983 typically remove most of the new deposit, leaving a residual lag of boulders on the debris fan and in the widened rapid. At low discharges, the widened rapid may be more constricted than before the debris flow owing to the arrangement of immobile boulders and deposition on the downstream edge of the debris fan. Smaller boulders and cobbles are transported through the pool and deposited on the downstream debris bar. 1994 1987 1990 1990 1987, 1990 1993 1993 1983 1983 1995 1989 1989 1989 1989 1989 1993 1993 1995 *C, the debris flow constricted the Colorado River; S, the debris fan covered an existing debris fan and a sandbar, constricting the Colorado River; D, the debris flow covered an existing debris fan but did not constrict the river. *Largest peak discharge on the Colorado River between the date of the debris flow and the 1996 controlled flood. 'Includes debris-fan area and areas of upper and lower sandbars. Except as noted, debris-fan area was measured using both ground surveys and rectification of registered aerial photographs. ^Only determined by rectification of registered aerial photographs. important on debris fans previously subjected to limited reworking. We document changes in debrisfan area and volume, particle-size distributions on the distal margins of debris fans, and surface velocities and water-surface fall through rapids. We evaluate the entrainment of individual cobbles and boulders in relation to changes in stream power and report transport distances of selected cobbles and boulders. Our results demonstrate the effectiveness Q of a discharge of 1,370 m /s in reworking aggraded debris fans and provide data that may be useful in designing future controlled floods.
Purpose and Scope
This study provides an analysis of the effects of the 1996 controlled flood on aggraded debris fans in Grand Canyon National Park and vicinity, Arizona. The data presented here will be used as the basis for development of models of debris-fan reworking Particle Size, in mm that may be useful in designing future controlled floods. This report incorporates some existing data on debris-fan reworking in Grand Canyon (Melis and others, 1994) . This work was funded by and in cooperation with the Glen Canyon Environmental Studies Program of the Bureau of Reclamation (Wegner, 1991) , partially in support of an environmental impact report on operations of Glen Canyon Dam (U.S. Department of the Interior, 1995).
Units and Place Names
In this report, we use the inch-pound unit of mile to describe the location of tributaries along the Colorado River; metric units are used for all other measures. Use of river mile has considerable historical precedent (Stevens, 1990) and provides a reproducible method of describing the location of tributaries with respect to the Colorado River. The location of tributaries was described using river miles downstream from Lees Ferry and a descriptor of "L" for confluences on river-left and "R" for river-right. The left and right sides of the Colorado River are determined as one faces downstream. We typically refer to "Grand Canyon" in broad reference to both Marble and Grand Canyons. "Marble Canyon" is the canyon reach of the Colorado River between Lees Ferry and the confluence with the Little Colorado River (river miles 0 to 61.5; fig. 1 ); we refer to Marble Canyon only for specific tributaries in that reach. Grand Canyon, which is formally designated for the reach between the confluence with the Little Colorado River and the Grand Wash Cliffs (river miles 61.5 to about 280), is considerably larger and better known than Marble Canyon. 
Effects of Debris Flows on the Colorado River
Nearly all of the rapids of the Colorado River in Grand Canyon result from the accumulation of large boulders as debris fans at the mouths of side canyons that are deposited during tributary floods and debris flows (Pewe, 1968; Hamblin and Rigby, 1968; Simmons and Gaskill, 1969; Graf, 1979; Howard and Dolan, 1981) , particularly debris flows (Webb and others, 1988, 1989; Melis and others, 1994) . Debris flows have several important effects on the Colorado River ( fig. 3 ). Large debris fans create rapids by constricting the width of the river and raising its bed elevation (Howard and Dolan, 1981) . Deposition of unusually large boulders or arrangements of boulders on the bed of the rapid cause spectacular .hydraulic features that impede navigation (Kieffer, 1985 (Kieffer, , 1987 (Kieffer, , 1990 . These boulders are essentially permanent features of the rapids, having withstood historic discharges of up to 8,500 m3/s and possibly even larger prehistoric floods (O'Connor and others, 1994) . Some debris flows may aggrade the existing surface area of a debris fan without increasing the constriction of the Colorado River. This may change the stage-discharge relation for higher discharges without constricting the river at low discharges. Because the pattern of flow around the debris fan is altered at higher discharges, navigation through the rapid and sand deposition in eddies may also be changed (Melis and others, 1994) . The lowwater control on the rapid an arrangement of boulders on the bed and channel margin of the river is not likely to be significantly reworked by dam releases, but higher deposits can be reworked, given sufficient discharges in the .Colorado River.
Repeated debris-flow deposition alters the configuration of existing rapids and their controlling debris fans (Webb and others, 1989; Melis and others, 1994; Webb and others, 1996) . Typically, zones of recirculating flow (eddies) form downstream from debris fans and facilitate the deposition of sand bars (Howard and Dolan, 1981; Schmidt, 1990) . The unregulated Colorado River periodically widened constricted rapids by eroding boulders and debris-flow matrix from debris fans (Howard and Dolan, 1981) . This reworking left behind residual debris-fan surfaces composed of large, immobile boulders overlain by alluvial sand (Melis and others, 1994) .
During the reworking process in the unregulated river, sediment eroded from a debris fan, particularly cobbles and small boulders, was deposited downstream in an orderly array of debris bars (Howard and Dolan, 1981; Webb, 1996) . Debris bars take the form of either low-water islands or alternating bars and are composed of well sorted and imbricated gravel, cobbles, or boulders. In comparison with initial debris-flow deposits on the fans, these graded deposits are also well-sorted in terms of particle lithology (Melis and others, 1994) . Debris bars commonly form secondary rapids downstream of the larger, primary rapids located at tributary mouths (Webb and others, 1989) . Secondary rapids are common in Grand Canyon, particularly below major rapids such as Hance, Granite, Crystal, and Lava Falls (river miles 76.7, 93.5, 98.2, and 179.4, respectively; Stevens, 1990) .
Many rapids in the Colorado River system have become more severe during the last 30 years because debris-fan constrictions and individual boulders cannot be totally removed by typical dam releases (Graf, 1980; Howard and Dolan, 1981; Melis and others, 1994; Webb, 1996) . Pewe (1968) speculated that regulated flows would have minimal effects on debris-fan reworking, and that debris fans would therefore aggrade throughout Grand Canyon. By analyzing 1965 and 1973 aerial photographs, Howard and Dolan (1979) estimated that 27 percent of the debris fans in Grand Canyon had been aggraded by tributary floods. Graf (1980) hypothesized that debris fans on the Green River would aggrade or remain stable in response to operations of Flaming Gorge Dam. Melis and others (1994) also documented the aggradation of debris fans by debris flows and other floods in Grand Canyon as well as the reworking of selected fans by dam releases less than the maximum powerplant capacity of Glen Canyon Dam. Using field observations and 1-dimensional hydraulic modelling, Hammack (1994) documented the effects of the unregulated Yampa River on the reworking of Warm Springs Rapid, which was aggraded by a debris flow in 1966. Kieffer (1985) presented a conceptual model of debris-fan reworking based on changes in Crystal Rapid that occurred during an extraordinary dam release in 1983. On the basis of this work, Kieffer concluded that stable debris fans in Grand Canyon constrict the channel by an average of 50 percent; she concluded that flows of about 11,300 m3/s would be required to rework Crystal Rapid to a stable constriction. At Warm Springs Rapid on the Yampa River in Colorado, Hammack and Wohl (1996) report that the 1965 debris flow, the largest in 1,000 years, was significantly reworked by a 1984 discharge of about 1,000 to 1,100 m3/s, which likely had a recurrence interval of at least 50 years. They report that the duration of a flood is as important as its peak discharge in reworking aggraded debris fans. Webb and others (1996) documented several debris flows at Lava Falls Rapid that created constrictions similar to the one at Crystal Rapid and were reworked by flows less than or equal to 3,530 m3/s. Webb and others (1996) modified Kieffer's conceptual model and suggested that dam releases above powerplant capacity but less than the annual pre-dam flood, such as the 1996 controlled flood, may partially or completely remove aggraded debris fans.
Before flow regulation, particles entrained from debris fans were transported downstream through the pool ( fig. 3 ) and onto one of the alternating debris bars. The 1983 mainstem flood created a "rock garden" immediately downstream from Crystal Rapid (Kieffer, 1985) where previously a pool was present. Reworking by low discharges may cause deposition of particles in these pools, altering the pattern of recirculating flow or increasing the length of the rapid. We observed a similar phenomenon during the initial reworking of the newly aggraded Prospect Canyon debris fan (Webb and Melis, 1995; Webb and others, 1996) .
METHODS
We assessed the amount of reworking by the 1996 controlled flood on 16 debris fans recently aggraded by debris flows and 2 other debris fans (table 1) . These fans are distributed along the river corridor from Badger Creek to Lava Falls rapids (river miles 7.9 to 179.4; fig. 1 ) and represent a variety of geomorphic and hydraulic configurations. Debris flows at several sites, particularly 62.5 Mile, Tanner Canyon, 127.6 Mile, 157.6 Mile, and Prospect Canyon, initially constricted the river significantly. At 18 Mile, the 1987 debris flow covered both an existing debris fan and separation sandbar and significantly constricted the river. Some of the debris fans, particularly at Palisades Creek and 160.8 Mile, represent debris flows that covered existing debris fans without significantly increasing constriction of the river (table 1) .
Most of these debris fans had experienced some reworking before the controlled flood by dam releases combined with tributary floods (Melis and others, 1994) . Two debris fans at 71.2 Mile and 72.1 Mile were included despite reworking by discharges up to 1,510 m3/s in 1986 (fig. 2) and were not expected to be eroded by the 1996 controlled flood. The debris fan at Tanner Canyon, which was aggraded in August 1993, was mostly reworked by a dam release enhanced by a small flood in August 1994. The highest discharge that reworked 8 of the 18 debris fans was 960 m3/s, which was a combination of a flood on the Little Colorado River and dam releases on January 13, 1993. Other debris fans had been reworked by dam releases that ranged from 620-830 m3/s (table 1) . Debris fans at Crystal and Lava Falls rapids were aggraded in March 1995 and, because of their young age and poor sorting, were expected to change significantly during the 1996 controlled flood.
Hydrographs of the Controlled Flood
Discharge data were obtained from 3 gaging stations on the Colorado River during the controlled flood ( fig. 5 ). We calculated pre-and post-flood discharges at all the monitored debris fans using known travel times between gaging stations at about 250 m3/s (Wiele, 1996; Wiele and Smith, 1996) ; for the peak of the flood, we report the highest discharge at the nearest gaging station. Flood frequency for unregulated and regulated periods of the record (1921-1962 and 1963-1996) was estimated at the gaging station on the Colorado River near Grand Canyon, Arizona (Garrett and Gellenbeck, 1991) , using a log-Pearson type III distribution (U.S. Water Resources Council, 1981).
We obtained stage data for river flow through Lava Falls Rapid using a differential pressure transducer placed at the left bank at the head of the rapid. The data logger attached to the transducer recorded stage at 1 min intervals during the rising limb of the flood hydrograph and at 15 min intervals before, during, and after the flood. A similar stage recorder placed at 127.6 Mile provided a useful record of part of the rising limb before the transducer was destroyed. We compared the stage hydrograph at Lava Falls Rapid (river mile 179.4) with the discharge hydrograph at Diamond Creek (river mile 225.8; fig. 1 ) and found excellent agreement in the rising and falling limbs of the two records by decreasing the measurement time at Diamond Creek for all discharges by 7.46 hrs.
Remote Sensing
Photogrammetric analysis of aerial photographs, taken at steady river discharges of 230-260 m3/s before and after the controlled flood, was used to remotely assess changes in river constriction, surface area, and the width of the reworked zone at the 18 debris fans. Topographic control for debris fans between river miles 62 and 73 and for Crystal Rapid were obtained from digital orthophotographs (Glen Canyon Environmental Studies Program, unpublished data). For all other debris fans, we surveyed 9-12 control points on prominent rocks readily identified on low-level aerial photographs. Using image-processing software, which included ARC/INFO and the Map and Image Processing System (MIPS), we measured the plan area of each debris fan and the sandbars upstream and downstream, the change in width of the reworked distal edge of the debris fan, and the channel widths necessary to determine the constriction of the Colorado River. The reworked zone was observed as a band along the distal edge of a debris fan where an increase in surface texture indicated an increase in particle size.
The accuracy of image processing varied among the debris fans on the basis of the amount of distortion in the aerial photographs, the accuracy of surveyed or orthophotograph controls, the clarity of the image, and the choice of borders between debris fans, sandbars, and water stage in the Colorado River. The river discharge at each debris fan was not the same in the before-and after-flood aerial photography and is a source of error. Although the pixel resolution for the rectified images ranged from 0.1 to 0.5 m, rectification involved the alteration of pixel locations by as many as several meters. For consistency, we rounded all area measurements to the nearest 100 m (implied f\ accuracy of ±50 m ) and all distance measurements to the nearest 1 m (implied accuracy of ±0.5 m).
Surveying
We surveyed 10 debris fans before and after the controlled flood to calculate changes in fan area, fan volume, and water-surface fall through the rapid. We calculate fan volume above the lowest elevation measured at the fan edge before the controlled flood. The accuracy of ground points is on the order of ±0.1 m horizontally and ±0.01 m vertically. Areas and volumes of debris fans were calculated using Sokkia MAP software. Although the accuracy of surveying data is higher than image-1,500 processing data, for consistency we rounded all area measurements to the nearest 100 m2 (implied accuracy of ±50 m2), all volume measurements to the nearest 100 m3 (implied accuracy of ±50 m3), and all distance measurements to the nearest 1 m (implied accuracy of ±0.5 m).
Constrictions
The change in river constriction at a debris fan caused by reworking during the controlled flood was calculated as the percentage of channel width constricted by the debris fan (Webb and others 1996) . The data for this technique were obtained using image processing and verified using survey data. We measured representative channel widths upstream from the rapid and downstream from the pool below the rapid, as well as 4-5 channel widths of the most constricted section adjacent to the reworked margin of the debris fan.
We define percent constriction, Cw (percent), as
( 1) where Wr(ave) = the average constricted channel width (m), Wu = the width upstream from the rapid (m), and Wd = the width downstream from the rapid (m) below the expansion zone. Although Cw varies with river stage, we report Cw at discharges before and after the controlled flood that varied between 230 and 260 m3/s. The difference in discharge before and after the flood at each site was not enough to significantly affect the accuracy of the constriction values, which we considered to be ±0.5 percent for Cw. We also calculated unit stream power, co (w/ m2), before and after the flood at each rapid as co= Y'Q'S/Wr(ave)
where y = specific weight of water (9,810 N/m3), Q = discharge (m3/s), and S = water-surface slope through the rapid (Baker and Costa, 1987) . Slope was measured as the overall rapid slope from pool to pool surveyed at water's edge along the debris fan (except at Lava Falls Rapid where we surveyed on the bank opposite the debris fan).
Measurements Before and After the Controlled Flood
We used a variety of techniques to measure reworking of debris fans monitored before and after the controlled flood at discharges of about 250 m3/s (table 1). Point counts (Wolman, 1954) on the distal margins of 9 debris fans were used to document changes in particle-size distribution and armoring (Melis and others, 1994) . Surveyed watersurface profiles documented changes in the watersurface fall through 10 rapids, which is dependent on both bed elevation and channel constriction. Overall changes in fan morphology were recorded with still photography at established monitoring stations On 7 debris fans (table 1) , selected boulders were marked with numbered bolts and surveyed for location during low discharges between 1994 and March 1996. The three principal axes, as well as appropriate dimensions for calculation of volume, and lithology of each particle were recorded. We then estimated particle volume and weight using appropriate mensuration formulae (Melis and o others, 1994) and a particle density of 2,650 kg/m for limestone and sandstone and 2,700 kg/m for basalt. After the flood, the positions of marked boulders that remained above water level were resurveyed. On the Palisades Creek debris fan, we placed 190 particles that ranged in size from small cobbles to boulders (b-axis of 128-256 mm). We recorded which particle sizes and lithologies were removed from the reworked surface by the flood.
We measured surface velocities before and after the controlled flood in selected riffles and rapids (table 1). For most of the measurements, we timed the movement of tetherballs released from shore or boats in lines down the center of the rapid or in specific boating runs, such as in Lava Falls Rapid. The configuration of the tetherball float did not affect the velocity measurement; the velocities obtained with partially deflated balls, fully inflated balls, and balls with attached carabinier clips were statistically identical. We attempted the velocity measurements at times when wind velocity was minimal. The length of the velocity test was measured either with tape measures stretched along the shore (an accuracy of ±1 m over a distance of 40-70 m), or by survey (distances of 50-270 m) and timing was to the nearest 0.1 s. Therefore, we estimated the accuracy of velocity measurements under ideal conditions to be on the order of 0.1 m/s. In some rapids, the velocity of the tetherballs was altered (or decreased to zero) by certain wave configurations, resulting in rejection of the measurement.
Measurements During the Controlled Flood
During the controlled flood, we measured debris-fan reworking at Palisades Creek, Tanner Canyon, and Prospect Canyon (Lava Falls Rapid). Water-surface profiles were surveyed periodically to determine the rate of change during the rise of the controlled flood. Surface velocities were measured occasionally during the rising limb of the flood at Lava Falls Rapid and during the steady high discharge at all three rapids. At Tanner Rapid, we timed driftwood for streamflow velocity measurements during the peak of the controlled flood.
Before the flood at Lava Falls Rapid, radio transmitters (tags) were cemented into 9 selected particles on the distal fan margin that would be inundated by discharges between 250-280 m3/s; a radio tag was attached to the outside of a 10th particle. Three of the 10 particles were cobble size (less than 256 mm); the rest were boulders (greater than 256 mm). We used specially built radio tags transmitting in the 40-Mhz waveband with a battery life of 30 days for maximum transmission power (Lee Carstenson, Smith-Root, Incorporated, oral commun., 1996) . We measured the topographic pockets occupied by these particles (Wiberg and Smith, 1987) before the flood and the topography of the reworked margin after the flood. The time of initial motion during the flood was documented using both a scanning receiver attached to a data logger and an audible receiver. Radio signals from dislodged particles were faint during the controlled flood because of signal attenuation in the deep water. Weak to strong signals were detected during the steady low discharges after the flood. By triangulation with manual receivers, we located 8 of 10 radio-tagged particles after the flood. We estimated that the accuracy of the particle location to be within at least a 5 m radius. The accuracy of our relocation varied with water depth, which we did not determine.
RESULTS
Hydrographs of the 1996 Controlled Flood
The 1996 controlled flood was designed to consist of 5 release periods from Glen Canyon Dam: an initial steady flow of 226 m3/s for 4 days; a rapid rise at a rate of 113 m3 s'1 hr1 ; a steady flow of 1,270 m3/s for 7 days; a 3-stage downramping period (of no relevance to this study); and a concluding steady flow of 226 m3/s for 4 days (Glen Canyon Environmental Studies Program, written commun., 1996) . The hydrograph and discharges measured at 3 gaging stations below the dam differed somewhat from the design characteristics of the controlled flood ( fig. 5 ). The initial period had discharge ranges of 231-238,239-250, and 252-258 m3/s at Lees Ferry, Grand Canyon, and Diamond Creek, respectively. The ranges in peak discharges were 1,270-1,300,1,270-1,370, and 1,300-1,350 m3/s at these stations, respectively ( fig. 5) . Finally, the concluding period had discharge ranges of 229-234, 244-251, and 242-253 m3/s at Lees Ferry, Grand Canyon, and Diamond Creek, respectively ( fig. 5 ). The differences between the gaging stations are probably related to errors in the stage-rating curves of the gaging stations, contributions of tributary inflows, and flow attenuation.
The discharge hydrograph for JanuarySeptember, 1996, is considerably different from typical dam releases, recent dam releases with tributary inflows, and a comparable pre-dam period ( fig. 6) (March 24, 1996) . Lava Falls Rapid was constricted by a 1995 debris flow from Prospect Canyon, shown on the left. The discharge is about 254 nr/s. B, (April 9, 1996) . Reworking during the rising limb of the 1996 controlled flood removed 5,900 m of the edge of the debris fan, increasing the width of the rapid by an average of 5 m. The surface velocities on the right and left sides decreased by one half. The discharge is about 246 m3/s.
dam period but less than the mean annual pre-dam flood.
Relation Between the Hydrograph and Reworking at Lava Falls Rapid
In March 1995, a debris flow from Prospect Canyon, the sixth to occur since 1939 (Webb and others, 1996) , constricted the Colorado River at Lava Falls Rapid ( fig. 1 ; Webb and Melis, 1995) . After an initial reworking in the days immediately following this debris flow, the newly aggraded debris fan had an area of 5,300 m2 and a volume of 32,900 m3 (tables 2 and 3). During the 1996 controlled flood, the area and volume of the debris fan decreased by 21 and 18 percent, respectively ( fig. 7) .
We observed debris-fan reworking at Lava Falls Rapid during the controlled flood and noted the relation between the period of active erosion and the hydrograph ( fig. 8) . As the discharge rose on the morning of March 27, the stage increased accordingly until a discharge of about 1,000 m3/s (about 1200 hrs). The stage was approximately 0.2 to 0.5 m less than the top of the aggraded debris fan, and we observed the beginning of bank collapse by slab failures at 1140 hrs. Bank collapse began on the downstream side of the debris fan. By 1200 hrs, the cutbank of the aggraded debris fan was continuously collapsing, and the stage record flattened to nearly zero change with time despite an increasing discharge ( fig. 8 ). For about an hour, boulders could be heard rolling along the bed of the river away from the debris fan. Bank collapse greatly decreased in frequency by 1300 hrs, and boulders were heard rolling only occasionally by 1400 hrs. As reworking slowed, the stage began rising again, tracking the slow rise in discharge ( fig.  8 ).
Areas and Volumes of Debris Fans
The areas of recently aggraded debris fans in Grand Canyon generally decreased during the controlled flood (table 2). The largest changes were in the debris fans at Jackass Canyon (Badger Creek Rapid) and Prospect Canyon (Lava Falls Rapid; fig.  7 ). In both cases, the debris flow occurred less than 2 years before the controlled flood, and previous river discharges were too low to significantly rework these deposits. Decreases in fan area were observed at most of the rapids, but the area of the debris fan at Bedrock Canyon increased slightly because reworked sediment was deposited at the downstream margin of the debris fan. As expected, the debris fan at 71.2 Mile, which had been reworked at higher discharges (table 1), was unchanged. The debris fan at 72.1 Mile had also been partially reworked previously, but lost 100 m of fan area during the controlled flood.
Although we obtained considerable agreement between our two methods of measuring debris-fan area, areas calculated using image processing differed slightly from those measured by topographic survey for some debris fans (table 2) . For example, at 18 Mile, we observed no changes in Except as noted, all areas are of the entire debris fan. ns, not surveyed. *Only the area of 1994 deposition (Melis and others, 1994) . fOnly the area of 1990 deposition (Melis and others, 1994) . *Only the area of 1993 deposition (Melis and others, 1994) .
This debris fan was not expected to change during the controlled flood (see Methods section). **Only the area of 1995 deposition (Webb and others, 1996) the size of debris fans using image processing, but we measured a decrease of 200 m2 in area by surveying before and after the flood. The quality of the aerial photographs taken before and after the flood, as well as photographic clarity of the fanwater boundary, are extremely important in the area calculations using image processing. How the boundary between aggraded debris fan and old debris fan and sand bars is delineated also affects the results from both methods.
In general, changes in debris-fan volumes mirrored changes in areas (table 3). The debris fan at Lava Falls Rapid lost the largest volume of sediment (5,900 m3), whereas the new deposits on the Jackass Canyon debris fan had the largest percentage change (-34 percent). In most cases, the changes in area and volume accurately depict floodreworked conditions on the debris fans except for 160.8 Mile, where a considerable volume of fine sediment, mostly debris-flow matrix of particles less than 16 mm in diameter, was eroded from between boulders that were present before the 1993 debris flows. This type of erosion cannot readily be accounted for using surveying or image-processing techniques. We had few inconsistencies between the changes in area and volume except at 126.9 Mile, for which the survey data showed no change in volume yet a 200 m2 decrease in area. Deposits that are poorly sorted contain large numbers of boulders, and have irregular boundaries are difficult to describe using standard techniques.
Armoring of the Distal Margins of Debris Fans
Armoring of the distal margin was evaluated at 9 debris fans (table 4). Most debris fans showed significant increases in the sizes of particles in the reworked zones (figs. 9, 10, 11B, and 11C). The D50 of particles decreased, remained unchanged, or increased only slightly for some debris fans, such as the debris fans at 18 Mile, 126.9 Mile, 157.6 Mile and 160.8 Mile. But D50 increased by up to a factor of 2.5 at others, including Jackass Canyon and Prospect Canyon. The increases in Dg5 were generally greater; the typical Dg5 after the controlled flood was about 0.5 m but was as high as 1.2 m at Prospect Canyon (table 4) . At Lava Falls Rapid, D50 on the Prospect Canyon debris fan increased from 0.21 m to 0.53 m during the controlled flood (table 4). As a result of reworking, the particles on the distal margin of the debris fan became larger and better sorted ( fig.  12a ). Reworking also preferentially removed limestones, leaving a deposit dominated by basalt particles ( fig. 12b ). These results are in agreement with Melis and others (1994) , who report similar preferential lithologic removal during reworking.
The width of the reworked zone on the debris fan was one of the most sensitive measurements of the effects of the 1996 controlled flood (table 5). For 12 of the debris fans, the width of the reworked zone increased by at least 4-14 m (the increase of 30 m at Crystal Rapid occurred over a relatively small and low-relief debris fan deposited in 1995). For many of the debris fans, the reworked zone after the flood was at least twice as wide as it was before the flood (table 5). The width of the reworked zone at Jackass Canyon (Badger Rapid) decreased because a third of the aggraded debris fan was removed by the controlled flood. We measured no change in the width of the reworked zone at Palisades Creek and 127.3 Mile. Changes in the size of the reworked zone are likely dependent on local stage-discharge relations during the controlled flood.
Constriction, Velocities, Water-Surface Fall, and Stream Power
Of the 18 debris fans we monitored, the percent constriction, Cw, decreased at 11 sites (table 6), indicating widening of the rapid and (or) changes in the stage-discharge relation. The largest amount of widening occurred at Prospect Canyon and 62.5 Mile, where changes in constriction were nearly 20 percent greater than the initial value. The constriction narrowed at Bedrock Canyon because eroded sediment was redeposited on the downstream side of the debris fan across from the island in the center of the rapid (see Stevens, 1990) . Surprisingly, the constriction widened at 71.2 Mile despite its history of reworking by larger dam releases in the 1980s. This widening may reflect changes in sand bars on both sides of the river instead of real change in the debris fan.
The mean surface velocity did not change consistently at the six rapids where velocities were measured (table 7) . At Lava Falls Rapid, the velocities of the left and right sides decreased by about half. This velocity decrease is consistent with the sizeable decrease in channel constriction at this site (table 6) . At Badger Creek Rapid, 18 Mile riffle, and Lava Canyon Rapid, on the other hand, surface velocities increased (table 7) . Because the water-surface fall remained unchanged or decreased slightly in these rapids, we attribute the velocity increases to decreases in bed roughness in the rapid, possibly because of deposition of cobbles and small boulders among larger particles on the bed of the river.
The water-surface fall through eight of ten rapids was altered by the controlled flood (table 8) . The largest changes were in Tanner and Lava Falls rapids, where the water-surface fall decreased by 0.3 m and increased by 0.2 m, respectively. The locations of changes in water-surface profile varied among the rapids and debris fans ( fig. 13) . At Tanner Rapid, most of the change occurred at the top of the rapid, whereas at Lava Falls, the largest changes occurred at the bottom of the rapid. The change at Lava Falls Rapid probably is related to the partial removal of a small, submerged debris bar that had formed downstream from the rapid after the 1995 debris flow (Webb and Melis, 1995; Webb and others, 1996, fig. 13 ).
Changes in the percent constriction reflect complex interactions between velocity, the stagedischarge relation, the width of the rapid, and changes in bed roughness. Stream power is one measure that reflects all of these variables. Unit stream power decreased at 9 of 10 debris fans by 1 to 16 percent. The one exception is the debris fan at Tanner Canyon, where the channel width decreased by 3 meters. Figure 9 . Photographs that document reworking of the debris fan at 62.5 Mile. A, (March 1996) . A debris flow in 1990 deposited the large boulders in the river shown at left including the massive boulder in the center of the view (Melis and others, 1994) . The discharge is about 246 m^/s. B, (April 1996) . The 1996 controlled flood rotated several of the large boulders and increased the width of the reworking zone by 10 m. A small sandbar was deposited upslope of the reworked zone. The discharge is about 244 m3/s. (March 1996) . The combination of a debris flow in 1989 and small streamflow floods, the last of which occurred in 1993, aggraded the debris fan at 127.6 Mile, covering an existing sandbar. The large volume of driftwood was deposited following the 1993 flood in the Little Colorado River. The discharge is about 245 m3/s. B, (April 1996) . Reworking by the 1996 controlled flood reduced the area and volume of the debris fan by 300 m2 and 1,600 m3, respectively. The width of the reworked zone increased 14 m, and the particle-size distribution on the distal margin of the debris fan coarsened from D85 = 440 mm before the flood to D85 = 620 mm afterwards. The discharge is about 248 m3/s. Figure 11 . Particle-size distributions reflecting the variability of reworking on 8 recently-aggraded and pre-dam reworked debris fans in Grand Canyon. A, Initial particle-size distributions for distal fan margins following debris flows. B, Intermediate particle-size distributions reflecting river reworking at distal fan margins in March 1996, before the controlled flood. C, Intermediate particle-size distributions reflecting river reworking at distal fan margins in April 1996 after reworking by the controlled flood. D, Particle-size distributions for debris fans near study sites where debris flows have not occurred in over a century. These debris fans were reworked by high magnitude, predam floods and approach the endpoint armoring of stable debris fans. Figure 12 . Effects of the 1996 controlled flood on particles on the distal margin of the Prospect Canyon debris fan at Lava Falls Rapid (modified from Webb and others, 1996) , reworked by the 1983 flood. A, Particle-size distributions of the distal margins of the debris fan. The "fully reworked" curve is for the debris fan before the 1995 debris flow (Webb and others, 1996) . B, Lithologies of particles at various stages of reworking. The reworked zone in this case is defined as the width of the debris fan between the 277 and 1,320 m3/s stages. Except as noted, all widths of the reworked zone are along the debris fan adjacent to the rapid, nm, not measured. * Only the reworked width of the 1994 deposition (Melis and others, 1994) . t Only the reworked width of the 1990 deposition (Melis and others, 1994) . * Only the reworked width of the 1993 deposition (Melis and others, 1994) . § Only the reworked width of the 1995 deposition (Webb and others, 1996) . (March 24,1996) . Crystal Rapid was constricted by a 1966 debris flow from Crystal Creek and reworked by the 1983 flood (Kieffer, 1985) . In March 1995, floods in Crystal Creek pushed large boulders from the debris fan into the right side of the rapid, changing the hydraulics significantly. The strong waves on the upstream, right side of the rapid were difficult to break through, and boats were propelled into large waves in the center of the rapid. The discharge is about 254 m3/s. B, (April 9, 1996) . The right lateral waves on the upstream part of the rapid are obviously less severe, as is the wave at the top center of Crystal Rapid. Reworking during the rising limb of the 1996 controlled flood removed only 100 m2 of the edge of the debris fan, decreasing the constriction from 55 to 52 percent. The discharge is about 246 m3/s.
Decreased Severity of Crystal Rapid
The navigational severity of Crystal Rapid, the second largest rapid in Grand Canyon (Stevens, 1990; Webb, 1996) , significantly decreased during the 1996 controlled flood. On the basis of slight changes in area and percent constriction (tables 2 and 6), one might conclude that Crystal Rapid changed very little. However, several large boulders in the right side of the rapid were removed, decreasing the intensity of the lateral waves on the right side ( fig. 14) and reducing the navigational severity of the rapid. The 1996 controlled flood caused significant changes to the two largest rapids in Grand Canyon, although in the case of Lava Falls Rapid, the changes were easily detected with our measurements. 
Changes in Sandbars Associated With Aggraded Debris Fans
area and change in sandbar area (either positive or negative) at the 18 sites we monitored.
The areas of two types of sandbars were measured before and after the controlled flood at discharges of 230 to 254 m3/s using image processing. Changes in area following the controlled flood did not follow a set pattern. Equal numbers of sandbars on the upstream side of debris fans, termed "upper-pool deposits" by Schmidt and Graf (1990) , increased in area, decreased in area, or remained constant (table 9) . In contrast, most (ten) separation bars, on the downstream side of debris fans, increased in area, while only a few (four) decreased in area and four remained constant (table  9) . At many debris fans, particularly Specter Chasm and Bedrock Canyon (river miles 129.0 and 130.0, respectively), the separation bars increased dramatically, but at other sites, particularly at 157.6 Mile, the sandbar (also known as "First Chance Camp") was completely removed. Overall, there was no significant relation between decrease in fan
Transport of Marked Particles
The 1996 controlled flood removed large boulders from some debris fans, but did not noticeably shift the larger particles on other fans. The number of marked cobbles and boulders that were transported downstream varied among 6 debris fans (figs. 15 and 16). Fewer large particles were transported from previously-reworked debris fans than at recently aggraded fans where debrisflow matrix remained a major component of the deposit.
At Palisades Creek, 94 percent of the marked cobbles placed on the debris fan before the flood were removed and transported downstream ( fig. 16,  table 10 ). Small boulders also were moved, but most remained on the debris fan. At 127.6 Mile, 45 percent of the marked boulders were removed from the debris fan, and we photographically -11 -10 -9 -8 -7 -6 -5 Median Particle Diameter, in ty Units fig. 15 ). In contrast, only 11 percent of the marked particles, with b-axis diameters up to only 0.26 m, were removed from the 18 Mile debris fan. We resurveyed the marked particles after the flood and calculated transport distances on the debris fan (table 10); average travel distances ranged from 0.1 to 32.3 m for cobbles and 0.1 to 8.2 m for boulders.
At Lava Falls Rapid, the 10 radio-tagged particles were dislodged at discharges from 470 to 1,020 m3/s (table 11) on the rising limb of the flood hydrograph ( fig. 8) . We relocated 8 of the 10 particles downstream from Lava Falls Rapid after the flood (fig. 17) . The smallest particle, a cobble, travelled 420 m to another debris bar that forms the secondary rapid (Lower Lava). Six relocated particles were deposited in the pool immediately downstream from the main rapid, and one remained in the rapid. The average travel distance for the 8 relocated particles was 230 m (table 11) . The discharge required to actively entrain particles has generally been related to the weight of the particle; and the timing of entrainment is related to the specific flow conditions around the particle and its topographic pocket (Wiberg and Smith, 1987) . A theoretical treatment of boulder transport will be the subject of a future report on debris-fan reworking.
Another important factor in large particle transport was the initial position of particles on the debris fan relative to the inundation stage. For some debris fans, such as at Tanner Rapid, many large particles remained above the stage of the controlled flood. Particle position, combined with the previous reworking of the debris fan by lower discharges in August 1994, resulted in only one marked boulder being removed by the 1996 controlled flood ( fig.  15b ). In contrast, despite the fact that the 18 Mile debris fan was completely inundated, only a few marked cobbles and small boulders were removed ( fig. 15a) , because the debris fan had been nd, no data because particle could not be located after the flood
Lava falls Rapid
METERS
Deposional sites _ of radio-tagged particles MI Particles started here previously reworked to a limited extent by powerplant releases (Melis and others, 1994) .
DISCUSSION AND CONCLUSIONS
The 1996 controlled flood partially reworked many of the debris fans aggraded since 1983 that we monitored in Grand Canyon. Using several measures of debris-fan reworking, including changes in fan area, fan volume, amount of river constriction, and sediment armoring, we found that the controlled flood caused substantial changes. The peak discharge of 1,370 m3/s was a 10-year flood in the regulated Colorado River, but was smaller than the mean annual flood in the pre-dam river. Our results do not agree with those of Kieffer (1985) , who concluded that extremely high discharges are required for significant reworking of debris fans. Instead, our general results are in accord with the observations of Hammack (1994) and Hammack and Wohl (1996) , who documented reworking of Warm Springs Rapid on the Yampa River, and Webb and others (1996) , who documented the removal of 2 post-dam debris fans at Lava Falls Rapid.
At the Prospect Canyon debris fan (Lava Falls Rapid), we observed significant reworking at rising discharges between 1,000 and 1,200 m3/s. We observed two types of reworking: (1) failure of unconsolidated debris-flow deposits by lateral erosion, and (2) the entrainment of individual particles from the bed of the river. Most of the reworking of the Prospect Canyon debris fan, which had not been subjected to river discharges greater than 670 m3/s before the 1996 controlled flood, resulted from slab failures of unconsolidated debris-flow deposits that were laterally eroded during the flood rise; the debris fan was not overtopped during the flood. These slab failures provided initial motion for large particles at discharges less than what would normally be required to entrain these particle sizes from a previously reworked debris fan, such as the fan at Palisades Creek. Other cobbles and boulders, particularly the ones embedded with radio transmitters, were entrained from the bed as individual particles. This type of particle entrainment may in principle be predicted using theoretical analysis (Wiberg and Smith, 1987) .
Reworking of the Prospect Canyon debris fan ended after approximately 4 hours when large boulders armored the unconsolidated bank, preventing further bank failures. In this case, duration of the flood appeared to be unimportant to reworking, contrary to the conclusions of Hammack and Wohl (1996) at Warm Springs Rapid. The two mechanisms of coarse-particle entrainment documented in this study have important implications for understanding the mobility and evolution of channel features, such as islands and channel bars downstream from large fans and rapids, during both regulated and unregulated flows in the Colorado River (Melis and others, 1994) .
We measured significant reductions in the area and volume of recently aggraded debris fans at Prospect Canyon, Jackass Canyon, 157.6 Mile, and 127.6 Mile. The areas of other aggraded debris fans changed only slightly, and we measured no change in area at only 2 debris fans (table 2). Large volumes of sediment were removed from debris fans at Prospect Canyon, Jackass Canyon, 157.6 Mile, 18 Mile, and 127.6 Mile (table 3). Differences in stream power explain many of the differences in area and volume change among the debris fans ( fig.  18 ). Debris fans with high stream power before the controlled flood, such as the Prospect Canyon and 127.6 Mile at (Lava Falls and 127.6 Mile rapids), had large changes in area and volume, whereas sites with low stream power, such as at Tanner Canyon and the aggraded fans at 126.9 Mile and 127.3 Mile, changed relatively little (tables 2, 3, and 8). The fan at Mile 160.8 lost a large volume of fine sediment from between boulders, but we were not able to document this type of change with ground surveys. Recent aggradation increases the amount of reworking despite lower stream power ( fig. 18 ). This effect is evident at the Jackass Canyon debris fan, aggraded in 1994, where moderate stream power markedly decreased its area and volume. In contrast, the percent change in unit streampower at each fan following the flood was not a sensitive indicator of the degree of reworking (table 8) .
The constrictions at many rapids, particularly 62.5 Mile and Lava Falls Rapid, widened considerably, whereas other constrictions changed only slightly due to the stability of boulders at the distal edges of older fans (table 6, fig. 19a confluences where fans are present ( fig. 19 ). Changes in percent channel constriction, which is a function of debris-fan area, water-surface fall, and the stage-discharge relation, do not appear to be related to the elapsed time between the most-recent debris flow and the controlled flood. For some debris fans, we measured relatively small changes in percent constrictions, despite the fact that large particles were removed from the fan surface. Based on the amount of reworking by the controlled flood, we conclude that the constriction ratio, which has been used previously to depict the reworking status of rapids (Kieffer, 1985 (Kieffer, , 1987 (Kieffer, , 1990 , is not a particularly sensitive measure of changes in debris fans and rapids caused by relatively small floods. Because of reworking by the 1996 controlled flood, navigation of Lava Falls Rapid is essentially the same as it was before the 1995 debris flow (Webb and others, 1996) . Velocities at about 250 m /s on the left and right sides of the rapids decreased by half as a result of the controlled flood (table 7) . Although the total water-surface fall through Lava Falls Rapid increased by 0.3 m (table  8, fig. 13 ), the stage-discharge relation at the top of the rapid decreased by 0.4 m ( fig. 13 ), causing exposure of several large boulders on the left side at low discharges. At Crystal Rapid, removal of only a few key boulders decreased the navigational severity of the rapid despite only small changes in the debris fan. Velocities in other rapids increased. At Jackass Canyon (Badger Creek Rapid), the increase probably resulted from partial removal of the aggraded debris fan, which had constricted the middle part of the rapid in 1994, decreasing the velocity at the head of the rapid. Increases in the velocity at 18 Mile were probably caused by deposition of cobbles and boulders among the larger particles on the channel bed, decreasing overall bed roughness.
We attribute the relation between amount of reworking, as measured by changes in area and volume, and the elapsed time between the debris flow and the controlled flood to the history of reworking and armoring by lower discharges in the Colorado River. The low-water controls at several debris fans that aggraded before 1993 and that were reworked by the January 1993 flood were unchanged by the controlled flood. We observed that closest-packing imbrication and even suturing (Webb, 1996) had occurred on parts of debris fans that had been submerged for long periods, typically longer than 3 years. For example, the 1993 debris flow that constricted Tanner Rapid (Melis and others, 1994) increased the stage-discharge relation by 1 m in the pool above the rapid. This change resulted in the increased storage of sand in the upper pool between October 1993 and March 1996. We expected that this condition would be reversed by reworking during the controlled flood, but large boulders deposited by the debris flow that control the elevation of the pool were unchanged by the flood, and the upper-pool elevation was only reduced by 0.25 m (a 25% decrease).
Debris fans aggraded after 1993 were more easily reworked. For example, the low-water control added by the 1995 debris flow at Lava Falls was almost completely removed (1 boulder remains), but the low-water controls at Bedrock and Specter rapids, created by debris flows in 1989, remain. As the interval between the aggrading debris flow and the reworking flood increases, a flood will be less effective in clearing out the constriction, and larger peak discharges will be required. If more significant reworking of aggraded debris fans is a desirable characteristic of future deliberate floods in Grand Canyon, the amount of elapsed time since the last debris flow is one of the most significant criteria.
We documented movement of cobbles and boulders, some with diameters as large as 1.5 m, during the 1996 controlled flood. At 4 of 5 debris fans, 40 percent or more of the marked particles were removed from the debris fan (table 10) , and others were transported as far as 32 m. As demonstrated with the radio-tagged particles at Lava Falls Rapid, most of the particles were deposited in the pool downstream from the rapid and not on the alternating debris bars farther downstream ( fig. 17) . The average travel distance of 230 m demonstrates the effectiveness of discharges as small as 1,300 m3/s in rearranging boulders on some debris fans in the Colorado River. These results, and the nearly complete removal of marked particles from the Palisades Creek debris fan, indicate that large cobbles and small boulders can be readily transported from previously reworked debris fans by floods half the size of the pre-dam annual peak discharge. These size classes are mobile at low discharges (relative to pre-dam conditions) in settings where particle-to-particle interactions and pocket topography are critical in controlling entrainment.
Because most of the reworking occurred on the rise in the flood hydrograph, we conclude that the 7-day duration of the controlled flood was unnecessary for reworking of debris fans. If management of aggraded debris fans is one of the criteria for design of future controlled floods, the duration of such a flood could be much shorter. However, the design discharge of 1,270 m3/s, which actually was as high as 1,370 m /s in Grand Canyon, could be increased to have a greater effect on reworking debris fans. Although some recently aggraded debris fans such as at Lava Falls Rapid were partially removed by the 1996 controlled flood, others, such as at Tanner Canyon, were not greatly affected because the stage of the flood was not high enough to erode the side of the aggraded fan or overtop it.
Very short-duration and high-magnitude controlled floods would be highly effective in reworking aggraded debris fans. Such a flood could o have a discharge as high as 2,800 m /s, or twice the discharge of the 1996 controlled flood (less than a 5-year flood on the unregulated river), but be designed for a duration of only minutes of peak discharge at sites downstream from the Little Colorado River. The recession of the hydrograph of such a flood, which would mimic some of the predam flash floods through Grand Canyon, could be designed to include steady, beach-building discharges. One potential drawback of such a flood may be that boulders deposited in the downstream pool might require more sustained, high discharges to be flushed downstream.
